Abstract: A powerful method for the synthesis of 2-oxazolines from silyl-protected -hydroxyamides is reported. Using diethylaminosulfur trifluoride (DAST) or its tetrafluoroborate salt (XtalFluor-E), silylprotected -amidoalcohols can be in situ deprotected and dehydrated to give 2-oxazolines in good yields. The utility of this approach was demonstrated by preparing the first reported oligomer of [2,4]-coupled 2-oxazoline units. By tuning the stability of the silyl protecting groups (ex. IPDMS < TES < TBS, etc.), the deprotection rate can be optimized so that all reaction intermediates remain soluble, allowing cyclodehydration to occur at all potential sites of ring closure. N-Terminal Ser residues containing an Fmoc carbamate are converted into 2-(9-fluorenylmethyloxy)-2-oxazoline in high yield, thereby providing a new pathway for the synthesis of peptides capped with an N-terminal 2-alkoxy-2-oxazoline or 2-oxazolidinone unit. 
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Introduction
The discovery of oxazoline-containing bioactive natural products spawned widespread interest in the stereoselective synthesis of 2-oxazolines. [1] One common approach to this is the cyclodehydration of β-hydroxyamides. [2] While simple dehydrating reagents can be used (ex. PCl 5 , POCl 3 , COCl 2 , etc.), they exhibit low functional group compatibility and can cause epimerization of the α position. In 1968,
Burgess et al. reported methyl N-(triethylammoniumsulfonyl)-carbamate, a mild dehydrating agent
used for the elimination of secondary and tertiary alcohols. [3, 4] Wipf and others utilized this reagent for the stereoselective cyclodehydration of β-hydroxyamides and thioamides. [5, 6, 7] The Burgess reagent, however, exhibits limited functional group tolerance, high moisture sensitivity, and a short shelf-life even when it is stored at low temperature. [8] Diethylaminosulfur trifluoride (DAST) is a commerciallyavailable fluorinating agent that can be used to cyclodehydrate β-hydroxyamides in good yields and with little or no epimerization of the α-position. [9] Recently, diethylaminodifluorosulfinium tetrafluoroborate (XtalFluor-E), [10] has been reported as an attractive alternative to DAST, due to its enhanced thermal stability and reduced side product formation. [11] One drawback to the use of these common cyclodehydration reagents is that a relatively inert, apolar solvent must be used for cyclodehydration, most commonly CH 2 Cl 2 . [9] [10] [11] The inability of such solvents to solubilize large, polar molecules limits the scope of these reactions. This can be evidenced by the conspicuous absence of reported oligomers of [2,4' ]-coupled 2-oxazolines that, at least conceptually, could be prepared via dehydration of Serine oligomers. We speculated that the solubility of such peptides in apolar solvents could be dramatically improved by protecting the Serine residues as silyl ethers, and that the fluoride ions generated during the course of the reaction would remove the silyl protective groups in situ, allowing for cyclodehydration to occur (Scheme 1). Such "direct" conversions of silyl ethers into other functional groups including aldehydes, [12] bromides, [13] acetates, [14] and one example of a 2-oxazoline have been previously demonstrated using similar approaches. [15] Herein we report a method for the synthesis of 2-oxazolines by combining silylated β-hydroxyamides with DAST or XtalFluor-E to facilitate in situ desilylation and cyclodehydration of β-hydroxyamides under standard reaction conditions (Scheme 1). By tuning the stability of the silyl protecting group (e.g. IPDMS < TES < TBS, etc.), the rate of deprotection can be modulated so that it is slower than cyclodehydration, yet faster than undesirable side reactions (Scheme 2). This feature allows intermediates to remain soluble during the course of the reactions, so that cyclodehydration can occur at all potential sites within large, polar peptides containing multiple serine residues.
Scheme 1.
In situ desilylation and cyclodehydration of β-hydroxyamides by DAST or XtalFluor-E.
Scheme 2.
Proposed reaction pathway for the cyclodehydration of a silyl-protected β-hydroxyamide by XtalFluor-E. 
Results and Discussion
Cyclodehydration of silyl-protected β-hydroxyamides.
To evaluate the impact of silyl group identity on cyclodehydration efficiency, the benzoylated serine methyl ester 1 was protected using isopropyldimethylsilyl chloride (IPDMS-Cl), triethylsilyl chloride (TES-Cl), tert-butyldimethylsilyl chloride (TBS-Cl), thexyldimethylsilyl chloride (TDS-Cl), triisopropylsilyl chloride (TIPS-Cl), or tert-butyldiphenylsilyl chloride (TBDPS-Cl) to give compounds 2 -7 in isolated yields ranging from 70 -98% (Scheme 3). Trimethylsilyl (TMS) was not included in this series due to the low stability of TMS ethers. [16] Compounds 1 -7 were reacted with 2 eq. XtalFluor-E in CH 2 Cl 2 at rt for 24 h. Consistent with previous studies, [9] [10] [11] the unprotected alcohol 1 was converted into oxazoline 8 with a good isolated yield of 81%. The use of silyl-protected β-hydroxyamides containing IPDMS (2) or TES (3) also provided 8 in good yields of 87% and 85%, respectively. The larger silyl groups present in 4 -7, caused dramatically lower yields ranging from 16 -49% of 8. According to HPLC and TLC analyses, compounds containing TDS (5), TIPS (6), and TBDPS (7) were not fully deprotected, as starting materials were still present in these mixtures after 24 h. Deprotection was complete for the TBS derivative (4), but a mixture of alcohol 1 and oxazoline 8 was obtained, suggesting that XtalFluor-E decomposed over the course of the reaction with a rate similar to that of TBS deprotection.
Scheme 3. Synthesis of silyl-protected β-hydroxyamides 2 -7. To evaluate the relative rates of product formation, compounds 1 -7 were reacted with 2 eq.
XtalFluor-E in CH 2 Cl 2 at rt, and aliquots from each reaction were removed as a function of time, quenched with MeOH, and analyzed by quantitative HPLC (Figure 1 ). Under these conditions, the unprotected alcohol 1 is rapidly converted to oxazoline 8, giving a 60% conversion after only 120 seconds, with an initial slope from 0 -30 seconds ≈ 1.1 nmol / sec. The silyl protected substrates 2 and 3
Si exhibited a delay of roughly 50 s before any product formation could be observed. After this initiation period, the IPDMS-protected compound 2 gave a rapid rate of product formation (slope ≈ 0.58 nmol / sec), nearly that of the free alcohol 1 (slope ≈ 1.1 nmol / sec). The TES-protected compound 3, in contrast, exhibited a significantly lower rate of product formation (slope ≈ 0.22 nmol / sec). The lower rates exhibited by 2 and 3 did not negatively impact the yields of these reactions, giving similar % conversions for compounds 1 -3 after 10 min. Substrates 4 -7, in contrast, exhibited dramatically lower cyclodehydration rates (slopes ≈ 0.004 -0.015 nmoles / sec), consistent with the lower isolated yields from these reactions after 24 h ( Table 1) . The overall reaction rates for compounds 2 -7 (IPDMS > TES >> TBS > TIPS > TDS > TBDPS) follow the known trends for nucleophilic substitution rates on silicon. [17] A 20-fold lower conversion rate was observed for 4 as compared to 2, which is consistent with the general differences in S N 2 reaction rates for branched haloalkanes containing tBu versus iPr groups at the β-position. [18] In summary, these results demonstrate the feasibility of in situ desilylation and cyclodehydration of large polar molecules, where the triethylsilyl ether (TES) derivative 3 exhibited a markedly slower rate for deprotection as compared to the subsequent cyclodehydration reaction.
This feature should prevent the accumulation of insoluble alcohol/alkoxide groups during the course of cyclodehydration reactions on substrates that contain multiple sites of ring closure. Importantly, the lower cyclodehydration rate for 3 did not negatively impact the isolated yield for its conversion into oxazoline 8 (Table 1) . We therefore selected TES for further development of this methodology in the context of di-tri-and penta-peptides. 
Cyclodehydration of β−substituted-hydroxyamides.
To evaluate the S N 2 character of the proposed ring-closing step (Scheme 2), cyclodehydration reactions were conducted on the threonine-derivative 9 and its TES-protected analogue 10 using XtalFluor-E and DAST. Good-to-excellent yields for the formation of a single 2-oxazoline diastereomer (according to NMR, see Supporting Information) were obtained for all four reactions. The specific rotation ( , in deg dm −1 cm 3 g −1 ) of the products were compared to literature values of + 96.7 for (R,S)-11 and + 69.4 for (S,S)-11, [19] to reveal formation of (S,S)-11 ( Table 2 ). These results indicate that an inversion of configuration occurred during the cyclodehydration reactions of both silylated and nonsilylated substrates, consistent with an S N 2-like ring closing mechanism (Scheme 2). The functional group tolerance of DAST and XtalFluor-E has been previously reported, [9] [10] [11] but their compatibility with common protecting groups used in peptide chemistry including benzyl (Bn), trityl (Tr), and tert-Butyl carbamate (Boc) has not been fully investigated. Acid-labile protective groups like Tr and Boc are of particular concern, [20] due to the formation of HF during the course of cyclodehydration (Scheme 2). As model systems to evaluate the functional group compatibility of DAST and
XtalFluor-E with 2-oxazoline formation, we prepared dipeptides 12 -17 of the general formula Boc- Paquin and coworkers previously demonstrated that XtalFluor-E can give excellent yields for cyclodehydration of simple β-hydroxyamides when the reactions were heated from rt to 90 °C. [11] When XtalFluor-E was mixed and heated with dipeptide 12 at rt, a complex mixture of decomposition products was observed by TLC, none of which corresponded to the desired product 18 ("n.o.", Table   3 ). To prevent decomposition, the reaction temperature was lowered prior to the addition of XtalFluor-E. By mixing the components at 0 °C or -78 °C, followed by slow warming to rt, oxazoline 18 could be isolated in low-to-modest yields of 11% and 46%, respectively (Entries 2 and 3, Table 3 ).
Couturier and co-workers previously demonstrated that the addition of base can improve the yields for deoxofluorination of simple alcohols and carbonyl compounds by XtalFluor-E, [10] but it was hitherto unknown how added base would affect cyclodehydration efficiencies. This could, in principle, result in increased fluoride concentrations to facilitate silyl deprotection, while protecting Boc, Bn, and
Tr groups from HF-mediated cleavage. [20] Indeed, the inclusion of 1.5 eq. of triethyl amine (TEA) to reactions containing 12 and XtalFluor-E, increased the isolated yield of 18 to 59%. By using 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) the yield was further increased to 76%. Unfortunately, the use of base in both reactions caused epimerization, giving a mixture of diasteromers (Entries 4 and 5, Table   3 , see Supporting Information). Reactions lacking exogenous base that utilized DAST instead of
XtalFluor-E furnished oxazoline 18 as a single diastereomer in an 85% isolated yield, representing a dramatic improvement as compared to the 46% obtained with XtalFluor-E (Entries 3 and 6, Table 3 ).
No loss of the Boc or Bn groups was observed when using DAST, despite the fact that HF concentrations were previously reported to be higher in DAST-containing reactions as compared to XtalFluor-E. [10] These results suggest that the higher Lewis acidity of XtalFluor-E as compared to DAST might cause compatibility problems with certain acid-labile protecting groups. The results obtained using
SBn and STr groups support this notion vide infra (Tables 4 and 5 ). we next applied these conditions to the cyclodehydration of the TES-silylated peptide 15. The presence of the TES group had a small, yet consistently positive effect, on the isolated yields of oxazoline 18 that ranged from 56 -89% (Entries 7 -8, Table 3 ). These yields represent improvements in the range of 4 -10% as compared to the yields obtained for the corresponding free alcohol 12 (Entries 3 and 6).
Larger improvements upon silylation were observed for Cys-Ser dipeptide and (Ser) 3 tripeptides (Tables 4 -6). In all cases, fewer byproducts were generated when using the silylated peptides, thereby facilitating product purification. Cysteine is an important synthetic precursor of thiazole and thiazolinum, [21] but the compatibility of sulfur-containing peptides with DAST and XtalFluor-E is potentially problematic, [10] and peptides containing fused Cysteine-oxazoline units are only rarely reported. [22] Peptide 13 contains a Cys(Bn)-Ser(TES/OH) unit and was highly susceptible to decomposition at rt in reactions containing XtalFluor-E (Entries 1 and 2, Table 4 ). By starting the reaction at -78 °C, a 44% isolated yield of oxazoline 19
could be obtained (Entry 3). The addition of DBU improved the yield to 50%, but epimerization was again observed (Entry 4). Reacting 13 with DAST yielded 19 in 61% as a single diastereomer (Entry 6, Table 4 ). Approximately 10% higher yields were obtained in these reactions when using the silylated peptide 16 (Entries 6 -8) as compared to the free alcohol 13 (Entries 3 -6, Table 4 ).
In general, C-S bonds are about 20 kcal mol -1 weaker than C-O bonds, [23] and are therefore more susceptible to cleavage by Lewis and Brønsted acids. [17] Accordingly, the yields obtained for the Cys(Bn)-containing peptides 13 and 16 (Table 4) , were consistently lower than for the corresponding
Ser(Bn)-containing peptides 12 and 15 ( Table 3 ). The highly labile trityl protective group (Tr) was even more problematic in the context of peptides 14 and 17 that contain a Cys(Tr) residue. Upon addition of XtalFluor-E, peptide 14 immediately decomposed in reactions maintained at 0 °C or above,
giving an intensely-colored yellow solution (Entry 1, Table 5 ). When the temperature of the reaction was maintained at -78 °C, 12% of oxazoline 20 could be obtained from a complex mixture of decomposition products (Entry 2, Table 5 ). A slightly higher yield of 39% was obtained by including DBU in the reaction, but epimerization was observed (Entry 3, Table 5 ). At -78 °C, the reaction of 14 with DAST yielded 79% of the desired product as a single diastereomer (Entry 4, Table 5 ). A slightly higher yield of 85% was obtained when using the corresponding TES-protected peptide 17, upon warming the reaction to 0 °C to facilitate deprotection of the silyl group (Entry 5, Table 5 ). Under the same conditions, the reaction of XtalFluor-E with TES-protected peptide 17 gave a complex mixture of decomposition products containing little or no of the desired product (Entry 6, Table 5 ). Together, these results demonstrate that TES-protected Ser units in Cys-Ser dipeptides can serve as efficient oxazoline precursors, especially in cases where DAST is used as the cyclodehydrating reagent. 
Scheme 5. Synthesis and silylation of Boc-Ser(Bn)-Ser(TES/OH)-Ser(TES/OH).
Tandem [2,4']-coupled 2-oxazoline units can be prepared via cyclodehydration reactions of peptides containing multiple Serine residues. [21] We therefore compared the ability of XtalFluor-E and DAST to generate two consecutive 2-oxazolines from peptides containing Ser(OH) or Ser(TES) residues. To provide starting material for these reactions, peptide 12 was elongated by one serine moiety in a twostep procedure, where the methyl ester was hydrolyzed using LiOH in H 2 O/MeOH, followed by peptide coupling with L-serine methyl ester hydrochloride to give an inseparable mixture of diastereomers.
Silylation of tripeptide 21 was performed using TES-Cl and imidazole in DMF (81%). 21 was reacted with XtalFluor-E at -78 °C to give a 27% isolated yield of the desired products containing two consecutive 2-oxazoline units (Entry 1, Table 6 ). The reaction of tripeptide 21 with DAST at -78 °C gave a moderate yield of 53%, which could be further improved to 73% by utilizing the TES-protected peptide
22.
This improvement in yield was only observed when using DAST, and not in the case of XtalFluor-E (Entries 3 and 4, Table 6 ). These reactions provide rare examples of simultaneous synthesis of two tandem [2,4']-fused 2-oxazoline units, and further demonstrate the potential advantages of using of silyl-protected Ser units in the starting material. Cyclodehydration of β-hydroxycarbamates.
Carbamates are ubiquitous groups in peptide synthesis, where tert-butoxycarbonyl (Boc), fluorenylmethyloxycarbonyl (Fmoc) and benzyl carbonate (Cbz) are used to protect the N-terminal amines. It is well known that O-protected, N-terminal Serine residues containing Cbz or Boc remain stable in the presence of DAST, giving good to excellent yields for cyclodehydration reactions at remote β-hydroxyamides (Tables 3 -6 ).
[9] However, little or nothing is reported about the reactivity of Boc, Cbz, and Fmoc groups in the context of β-hydroxycarbamates, where the N-terminal Ser residue carries a free alcohol. In this case, cyclodehydration could conceivably furnish 2-alkoxy-2-oxazolines. In general, only a few methods have been reported for the synthesis of 2-alkoxy-2-oxazolines, [24] most common is the O-alkylation of 2-oxazolidinones to give 2-ethoxy [25] and 2-benzoxyoxazolines. [26] To investigate the potential synthesis of N-terminal 2-alkoxy-2-oxazolines from β-hydroxycarbamates, substrates 24 -28 were prepared and reacted with DAST or XtalFluor-E (Table 7) . Boc-protected carbamate 24 was reacted with XtalFluor-E at rt or at -78 °C, but no oxazoline 29 could be observed by TLC or ESI-MS. The reaction of Cbz-protected 25 with XtalFluor-E gave oxazoline 30 in a 16% isolated yield, while the reaction of TES-protected 27 with DAST gave a complex mixture of products containing no detectable product. The cyclodehydration of Fmoc-protected 27 using XtalFluor-E and DAST gave 31 in 45% and 61% isolated yields, respectively. When using the TES-protected derivative 28, the isolated yield of 31 increased to 71% with little or no byproduct formation. These results demonstrate suggest that N-terminal Fmoc/TES-protected Serine residues are especially well suited for cyclodehydration reactions to give an N-terminal 2-alkoxy-2-oxazoline. We therefore selected Fmoc as the N-terminal protecting group for the synthesis of oligomers containing [2,4']-coupled 2-oxazoline units.
Cyclodehydration of (Ser) 5 Little is known about the synthesis or physical properties of linear oligomers of oxazoline units.
The longest reported example is an intermediate from the total synthesis of Thiangazole, containing only three consecutive units. [21] To evaluate the synthesis of oxazoline oligomers by in situ desilylation and cyclodehydration of β-hydroxyamide oligomers, 32 was synthesized via Fmoc solid-phase synthesis and isolated as a crude product in a 84% yield (Scheme 6).
Scheme 6. Solid phase peptide synthesis of (Ser) 5 32.
84%
Crude peptide 32 was protected on each termini and silylated in a three step procedure to obtain silylated pentaserine 33 (Scheme 7). The N-terminal amine was protected using Fmoc-Cl and NaHCO 3 in a MeOH/H 2 O (1:2) solution. After the protection was complete, the product was precipitated using DCM and directly used for the esterification. The methyl ester was formed by adding excess TMS-Cl to a stirring suspension of the crude material in MeOH. The product was again precipitated and directly used for the silylation. Reaction with TES-Cl in pyridine and purification by silica gel column chromatography provided pure peptide 33 in a 22% isolated yield over three steps.
Scheme 7. Synthesis of silyl-protected Fmoc-(Ser) 5 33 and its cyclodehydration to 34. Peptide 33 was reacted with 15 eq. DAST at -78 °C in DCM and slowly warmed to 0 °C over 4 h, during which 33 and all reaction intermediates remained soluble. [27] The reaction was then quenched with MeOH and purified by silica gel column chromatography. Pentaoxazoline 34 was thereby obtained in a 34% isolated yield as a single diastereomer, representing a >80% yield for cyclodehydration at each independent position. This molecule represents the first example of a linear oligomer of oxazoline containing more than three units, and it contains a novel, N-terminal 2-(9'-fluorenylmethyloxy)-2-oxazoline.
Conclusions
We have developed a method to synthesize 2-oxazolines from silyl-protected β-amido alcohols in a tandem two-step reaction comprising deprotection and cyclodehydration upon addition of a deoxofluorinating agent. After screening various silyl groups, we found that triethylsilyl (TES) was optimal, giving a rate of deprotection that was significantly slower than the cyclodehydration reaction. This prevents accumulation of highly polar and insoluble alcohol/alkoxide groups during the course of cyclodehydration reactions on substrates containing multiple sites of ring closure. This provides a means to synthesize 2-oxazolines from highly polar starting materials that would otherwise be insoluble under standard reaction conditions. As a demonstration, we synthesized the first oxazoline oligomer containing five linear units from a Fmoc-(Ser) 5 peptide. During the course of the reaction, the Nterminal F-moc protected Ser residue was converted into a 2-(9'-fluorenylmethyloxy)-2-oxazoline unit, thereby revealing a new pathway for the synthesis of peptides capped with an N-terminal 2-alkoxy-2-oxazoline, or following deprotection, a 2-oxazolidinone unit.
[28]
Experimental Section Synthesis of hydroxyamide derivatives. General Procedure A. [29] To a stirring solution of amine
(1 mmol) in EtOH at rt, the carboxylic acid (1.03 mmol), NMM (2.2 mmol) and HOBt (0.15 mmol)
were subsequently added. The solution was then cooled to 0 °C and EDC (1.2 mmol) was added. The reaction was stirred at rt overnight, followed by the addition of 0.1 M citric acid. The mixture was then extracted with EtOAc (3x). The combined organic phases were extracted with brine (1x), dried over anhydrous MgSO 4 , filtered, and concentrated in vacuo. The crude material was purified by column chromatography to give the indicated product.
Synthesis of silylated hydroxyamide derivatives. General Procedure B. [30] To a stirring solution of the hydroxyamide derivative (1 mmol) in DMF or DCM, the corresponding silyl-chloride ( 
N-Benzoyl-O-((1-methylethyl)dimethylsilyl)-(S)-serine methyl ester (2).

N-Benzoyl-O-(triethylsilyl)-(S)-serine methyl ester (3)
.
N-Benzoyl-O-((tert-butyl)-dimethylsilyl)-(S)-serine methyl ester (4).
N-Benzoyl-O-((2,3-dimethyl-2-butyl)-dimethylsilyl)-(S)-serine methyl ester (5). Following gen-
eral procedure B on a 1.17 mmol scale of 1 using TDS-Cl (299 µl, 1.52 mmol) and imidazole (161 mg, 2.34 mmol) in DMF (1 ml), the desired product (376 mg, 1.03 mmol, 89%) was isolated as a colorless oil by silica gel column chromatography (hexane/EtOAc 
N-Benzoyl-O-(triisopropyl)-(S)-serine methyl ester (6).
Following general procedure B on a 4.51 mmol scale of 1 using TIPS-Cl (1.11 ml, 5.67 mmol) and imidazole (765 mg, 11.18 mmol) in DMF (2 ml), the desired product ( 
N-Benzoyl-O-(tert-butyldiphenylsilyl)-(S)-serine methyl ester (7).
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